AD  7  3  4596 


H2:F>IC-I  R-70 


DATA  COMPILATION  02ST 
VANADIUM  OXIDH1S 


NEUBBRGER 


NOVEMBER  1971 


R«pro4u£*d  by 

NATIONAL  TECHNICAL 
INFORMATION  SERVICE 

Springfield,  V*.  2219! 


D  D  C 

C3 

W  JAN  10  1972 


ilin 


EisEinns 

B  , 


UNCLASSIFIED 


DOCUMENT  CONTROL  DATA  -  R  &  D 

(Security  c  let  title  ml  Ion  ot  Hilt,  body  of  mbmlrmct  and  Indantng  annotmilon  mutt  bm  entered  whan  .h*  overall  report  It  c  tmael  lied) 

i  originating  activity  (Corporate  author) 

Hughes  Aircraft  Company 

Culver  City,  California  90230 

a*,  teport  iicubity  c l a tti r «c  a  tion 

Unclassified 

16  OROuP 

3  REPORT  TITLE 

Data  Compilation  on  Vanadium  Oxides 

*  OEJCRI^TIVC  NOTH  (Type  ot  tapotl  end  inctualve  delta) 

Interim  Report 

B  au  thq  P(3)  (FUat  name,  middle  Initial,  teat  name) 

M.  Neuberger 

B.  REPORT  OATS 

November  1971 

70.  TOTAL  NO  OF  PACE*  76.  NO.  OF  REF* 

61  116 

BA.  CONTRACT  OR  GRANT  NO. 

DSA  900-72-01182 

b,  PROJECT  NO. 

c. 

d 

•A.  ORIGINATOR**  REPORT  N  UM  ■  (RID 

EP1C-IR-79 

9b.  OTHER  REPORT  NOill  (Any  other  numbett  that  may  be  mtelaned 
tbit  report) 

10.  DISTRIBUTION  STATEMENT 

Approved  for  public  release;  distribution  unlimited 

U  SUPPLEMENT  ARY  NOTE* 

Copies  are  available  from  NT  1 S  for 
$6.00  each. 

11.  IPONIORlNa  military  activity 

U.S,  Defense  Supply  Agency 

Defense  Electronics  Supply  Center 

Dayton,  Ohio 

is.  a  0  ■  7  r  a  c  r 


The  change  In  crystal  structure  at  the  transition  temperature  in 
several  cf  the  vanadium  oxides,  causes  a  drastic  change  In  resistivity 
as  the  material  Is  heated  (or  cooled).  This  phenomenon  is  being 
applied  to  the  manufacture  cf  a  number  of  devices. 

Ail  available  information  on  the  crystal  structure,  physical,  mechanical, 
thermal,  optical,  magnetic  and  electronic  properties  of  bulk  and  film 
samples,  has  been  tabulated  In  this  compilation.  Graphs  illustrating 
these  features  are  included. 


Unclassi fled 

Security  dl«»tlfic«tion 


DD  '""..1473 


This  compilation  vu  prepared  by  the  Electronic  Properties  Information 
Center  (EPIC),  Hughes  Aircraft  Company,  Culver  City,  California  90230. 
EPIC'S  objective  is  to  provide  a  comprehensive  current  resource  of 
scientific  and  technical  information  on  the  electronic,  optical  and 
magnetic  properties  of  materials. 


The  compilation  is  distributed  by 

National  Technical  Information  Service  (NTIS) 

U.S.  Department  of  Commerce 
Springfield,  Virginia  22151 

Additional  copies  are  available  at  a  cost  of  $6.00  each.  Microfiche  negatives 
also  are  available  at  $6.00  each.  Ordere  should  Include  the  publication 
number  EPIC-IR-79.  Checks  or  money  orders  should  be  made  payable  to  the 
National  Technical  information  Service.  NTIS  prepaid  Coupons  may  be  used  or 
orders  may  be  charged  to  an  NTIS  Deposit  Account, 


Approved  for  public  release;  distribution  unlimited. 


Unci  ass i f 1 ed 


Security  CUnnif  IcatLon 


Vanadium  Oxides 
Transition  netal  OaIJcS 
Electrical  Properties 
Optical  Properties 
Magnetic  Properties 
Thermal  Properties 
Mechanical  Properties 
Crystallographic  Properties 
Phase  Diagrams 

Electronic  Switching  Devices 


Security  Cl»»»iflc»tlo» 


-^7  © 


DATA  COMPILATION  ON 
VANADIUM  OSZIIOEHS 


M.  NBUBHRGER 


NOVEMBER  1071 


HUGHES 


ACKNOWLEDGEMENT 


The  Electronic  Properties  Information  Center  is  operated  bv 
Hughrc  Aircraft  Company  <jr'd®T'  mntrarr  to  the  U.S.  Defense 
Supply  Agency  (DSA  900-72-C-1182 ) ;  technical  aspects  of  EPIC 
operations  are  monitored  by  the  Air  Force  Materials  Laboratory. 
The  support  of  these  sponsor  organizations  is  gratefully 
acknowledged. 


This  document  was  prepared  under  the  sponsorship  of  the  Department 
of  Defense.  Neither  the  United  States  Government  nor  any  person 
acting  on  behalf  of  the  United  States  Government  assumes  any 
liability  resulting  from  the  use  or  publication  of  the  information 
contained  in  this  document  or  warrants  that  such  use  cr  publication 
will  Le  free  from  privately  owned  rights. 


Library  of  Congress  Catalog  Card  Number:  75*l857#8 


ABSTRACT 


The  change  In  crystal  structure  at  the  transition  temperature  In 
covers!  sf  tl.c  vonaulum  oxioes,  causes  a  drastic  change  In  resistivity 
as  the  material  is  heated  (or  cooled).  This  phenomenon  is  being  applied 
to  the  manufacture  of  a  number  of  devices. 

All  available  information  on  the  crystal  structure,  physical, 
mechanical,  thermal,  optical,  magnetic  and  electronic  properties  of 
bulk  and  film  samples,  has  been  tabulated  in  this  compilation.  Graphs 
illustrating  these  features  are  included. 
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INTRODUCTION 


Several  vanadium  oxides,  VO^  g,  V, 0^  and  an  entire  series  of 
r.or.-stoloMnnv'tr  lc  vanadium  oxides,  show  a  crystallographic  transformation 
from  a  low  to  high  temperature  phase.  According  to  Hyland,*  there  Is  no 
extensive  rearrangement  of  the  atoms,  only  slight  distortions  of  the 
original  atomic  grouping  which  Is  rapidly  reversible  at  the  transition 
temperature.  FIHIngham  In  an  optical  study  of  the  domain  structure  In 
VO^,  Indicates  that  displacement  of  the  atom  pos I t Ions  Is  small  and  comprises 
only  slight  distortions  of  the  VO^-octahedra  chains  as  vanadium  atom  doublets 
form,  alternately  nearer  to  and  farther  from  one  .mother  In  the  low  temp¬ 
erature  (monocllnlc)  phase.  As  the  crystal  moves  through  the  transition 
temperature,  domain  patterns  show  only  In  the  monocllnlc  phase,  there 
are  no  domains  evident  In  the  tetragonal  phase. 

These  alternating  long  and  short  separations  of  the  cations  along 

the  a-axls  (2.6 5&  and  3-12&)  shift  above  the  transition  temperature  and 

the  cations  form  a  body-centered  tetragonal  array;  V-V  -  2.87&  along  the 

c-axis.  As  a  result,  a  ...  -  2c  _ ,  and  Z-2  becomes  Z-4. 

monocllnlc  tetragonal 

This  shift  In  crystal  structure  must  evidently  exercise  a  strong 
effect  on  the  electronic  properties  of  the  several  vanadium  oxides  and, 
consequently,  on  the  band  structure.  The  most  marked  and  useful  change 
Is  a  rise  In  conductivity  as  the  vanadium  dioxide  Is  heated  through  Its 
transition  temperature  of  68°C  where  the  material  passes  from  a  semicon¬ 
ducting  to  a  metallic  state.  The  conductivity  is  5  orders  of  magnitude 
In  VOj  and  5  orders  of  magnitude  In  V^O^.  The  shift  Is  also  anisotropic 
and,  depending  on  the  sample  quality,  may  also  exhibit  hysteresis. 

Single  crystals  1  r>  the  series  VpOjn-x  *  equal  to  an  Integer, 

have  been  studied  by  Oklnska  et  a!.,  Kosuge  and  Nagasawa.  Transition 
temperatures  In  this  series  vary  from  68°C  to  -!40°C.  The  composition 
Vj.0^  has  a  resistivity  Jump  on  cooiing  through  125°K  of  Ocm  and 

together  with  shows  an  Increase  In  thermal  emf  at  the  transition 

temperature  from  -10  to  -800  uV/^K. 

*  All  references  are  listed  alphabetically  by  name,  In  the  bibliography  at 
the  end  of  this  report. 
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This  change  in  the  several  properties  of  the  vanadium  oxides  is 
being  applied  to  the  manufacture  of  a  variety  of  switching  and  modulation 
devices,  since  the  time  constant  is  about  20  nanoseconds.  (Schmidt,  Cope 
6  Penn,  Walden,  Kennedy  &  Collins.  Van 

Other  electronic  and  physical  properties  also  show  a  discontinuity 
at  the  transition  temperature;  magnetic  susceptibility,  thermoelectric 
power,  specific  heat,  thermal  expansion,  reflectivity  and  transmission 
spectra.  Graphs  illustrating  these  features  are  included. 

Band  structures  have  been  formulated,  based  in  general  on  the  theor¬ 
etical  considerations  of  Goodenough,  by  many  experimentalists.  These 
include  Hyland,  Verleur  et  al.,  Bongers,  Powell  et  al.,  Berglund  £ 
Guggenheim,  Austin  £  Turner,  Mokerov  S  Rakov  and  Adler.  Austin  £  Mott, 
in  a  recent  discussion  of  the  transition  metal  oxides,  ascribe  their 
properties  to  Coulomb  Interactions  between  the  d-electrons  and  a  strong 
electron-lattice  coupling.  With  others  in  this  field,  they  also  agree 
that  disorder  and  defects  have  a  marked  influence  in  leading  to  localized 
electron  states.  There  is,  apparently,  a  general  agreement  that  the 
transition  phenomena  are  primarily  lattice  dominated,  but  a  band  structure 
which  will  satisfy  both  electrical  and  optical  considerations  has  not  yet 
been  formulated. 

In  general,  electrical  and  magnetic  data  yield  a  one-electron  band 
model  with  relatively  large  electron-phonon  interactions.  In  a  band 
structure  derived  from  optical  data,  Verleur  et  al  .  propose  a  model  for 
VOj  above  the  transition  temperature,  in  which  filled  valence  bands 
(associated  with  the  oxygen)  are  separated  from  partially  rilled  conduc¬ 
tion  bands  (arising  from  the  vanadium),  with  the  lowest  vanadium  bands 
slightly  overlapping  one  or  more  of  the  partially  filled  bands.  On  this 
basis,  tli  e  V0_,  at  temperatures  above  the  transition,  would  be  a  semi -rneta  I , 
rather  than  a  metal.  In  the  model  derived  from  optical  data,  V0^  at 
temperatures  below  the  transition  would  have  electrons  trapped  in  localized 
levels  or  occupying  two  completely  filled  bands.  In  anv  event,  much  more 
experimental  data  on  crystals  of  high  purity  and  stoichiometric  quality 
are  needed  to  choose  a  realistic  band  structure  model. 
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Repeated  cycling  of  crystals  of  VO^  causes  cracking  and  to  obviate 
this  difficulty,  Hensler,  Fuls,  Rozgony  and  their  associates  have  prepared 
sputtered,  polycrystal  I Ine  films,  500  to  4000  A  thick,  annealed  at  400°C. 
These  randomly  oriented  thin  films,  when  carried  through  the  heating  and 
cooling  cycle,  show  new  random  configurations  with  the  same  properties 
as  previously  and  may,  therefore  be  considered  stable. 

Vanadium  monoxide  is  stable  over  a  composition  range  of  V00j8  to 
V0 |  y  Density  measurements  Indicate  that  stoichiometric  samples  are 
highly  defective  and  analysis  of  Infrared  spectra  by  Ariya  6  Golomolzina 
led  them  to  the  conclusion  that  the  monoxide  comprises  regions  of  vanadium 
alternating  with  regions  of  V^O^. 

The  data  tables  which  follow,  cover  all  vanadium  oxides  known  to 
date,  Including  those  which  do  not  show  any  phase  transition.  Pertinent 
curves  for  the  several  properties  covered  in  the  tables  are  inserted, 
following  each  stoichiometric  compound.  A  few  graphs  have  been  included 
for  chromium,  aluminum  or  titanium  doped  vanadium  oxides  for  their  value 
in  device  applications,  but  these  materials  will  be  more  fully  covered  In 
a  later  report. 
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PHASE  DIAGRAM 
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Vanadium-Oxygen  phase  diagram,  on  the 
basis  of  recent  data. 

- - -  oxygen  partial  pressure  (atm) 

— —  estimated  oxygen  pressure 
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Phase  Analyses  of  vanadium  oxides  by  magnetic  susceptibility 
measurements  and  x-ray  diffraction  measurements. 
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THE  VANADIUM-OXYGEN  SYSTEM 

PHYSICAL 


PROPERTY  SYMBOL 

VALUE 

UNIT 

NOTES 

TEMP. (°K) 

REFERENCES 

i 

3  T  i 

Formula 

VO 

1:  i 

i 

Stab i  i  i ty  range 

voc.e-voi.3 

(Possible:  V0=  V+V 2 0 3 ) 

St r  i nger , 

l 

-  “  } 

Molecular  Wgt. 

66.95 

Arl  ler 

i 

Dens  i  ty 

5.92 

g/cm3 

6.'»?  (calc.) 

Donnay 

■  -  5 

Color 

light  g  rey 

Handbook 

i 

i 

i  i  i 

S  ymme  try 

cuh  i  c 

Donnay 

t 

Space  Group 

Fm3m  Z-4 

Donnay 

i 

■  ■  > 

Lat  t i ce 

a 

^  .  099 

0 

A 

Massa  rd 

1 

Parameters 

0 

et  al  . 

•  • 

b.  093 

Donnay 

V 

-V 

2.93 

Bongers 

*  *  1 

VO 

a  (A) 

Dens i ty 

Vacanc i es 

1 

X 

0 

(g/cc) 

(*) 

1  f  ; 

0.86 

i|.03'i 

5.736 

37.0 

sintered  at  1300°C 

Banus 

0.96 

A.058 

5.67* 

31.7 

et  a  1  . 

0.99 

b.  068 

5.602 

30.8 

; 

1  .02 

b.  077 

5.583 

28.9 

1  .23 

A. 133 

5.329 

21.2 

i 

f 

1.30 

b.  1*1 

5.85 

22 

single  crystal  ,  zero 
oxygen  vacancies 

i  1 
? 

*  •  ? 

1 

Melting  Point 

1720 

°C 

in  vacuo 

Str i nger 

*  ,*  i 

• 

'  •  t 

Spec i f i c  Heat 

O.Ol'i 

cal/g  ° 

K 

50 

TPRC , 

;  : 

0.158 

300 

p.  528 

1  \ 

*  *  j 

0.225 

1700 

1 

"  i 
i 

1 
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ELECTRICAL 

PROPERTY 

SYMBOL 

VALUE 

UNIT 

NOTES 

« 

Res i st i vi ty 

s£> 

CO 

<r\ 

CO 

O 

V01 .02 

V01.2 

1 

8xl0'4 

6xl0‘3 

O-cm 

si ntered 

] 

-A 

8x10 

5xl0'3 

9x10" ' 

sintered,  shows 
no  T£ 

8xl0'4 

2xl0'3 

1C’2 

4 

V0.919 

V01 . 1^7 

V01  .25 

I 

2xl0'3 

3xlO-2 

_  fj-cm 

sintered  to 
90%  dens i ty 

•** 

10'3 

2xl0_2 

2xl0_1 

shows  no  T^ 

*- 

8xlO_i4 

5xl0'3 

6x1 0"3 

TEMP. (°K) 

REFERENCES 

U 

Honig  et  a  i 

'll 

Banus  et  al 
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Kawano 
et  al . [A] 
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ij 
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»  ■ 
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film  on  MgO ,  no  Tc 
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Takei  6 
Koi  de [A] 

0.i*xl0‘3 

0 . 3u  film,  VOq  .  2 

300 

liens  1  er 
et  al  . 

0.8xlO-3 

O.lu  f i 1m.  VOj  ^ 

-3xlO'5 

“C-1 

0.3u  f  '  vo0>2 

Hens ler 
et  a  1  . 

-  10'3 

O.lu  film,  VO,  2 

107 

fl-cm 

V00.9 

91* 

Aust  i  n 

106 

VO,  single  crystal 

83 

Her  i  n 

O 
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N3 

300 

1  lL 

°K 

cool i nq 

Mor  i  n 

126 

heating 

-3 

103  °K/bar 

p«.  25  kbars 

9*i ,  H3 

Austin 

88-125 

°K 

NMR  meas . ,  range 
due  to  variations 

Warren 
et  al . 

in  stoichiometry 
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ELECTRICAL 
property  SYMBOL 

VALUE 

UNIT 

NOTES 

TEMP. (°K) 

REFERENCES 

Energy  Cap 

6 

meV  n  i  rjh  V 

content 

Banus 
e  t  a  1 . , 

0.157 

eV  low  V 

content 

Kav/a  no 
et  a  1 . [A] 

Seebeck  Coeff. 

V0.C8 

-12 

V0.59 

-k 

V0!.05  V°1.23 
+  5  +22  >iV/°K 

s i ntered 

300 

Banus 
et  a  1  . 

V0.85 

-5 

VO 

+3 

0 

V0!.05  V°1  .26 

+8  +26 

+3  +17 

sintered  to 
90?,  dens  i  ty 
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Kawano 
et  a  1 , [ R ] 

Mannet  i  c 

Suscept i bi 1  i  ty 

X 

0 
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sintered,  VO 
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et  a  1 . [A] 
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Thermoelectric  power  as  a  function 
of  temperature  for  sintered  VO^ 
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Banus  et  al  . 


Magnetic  susceptibility  as  a  function 
of  temperature  for  sintered  VO 

x 

awano  et  a  I . ,  B 


THE  VANADIUM-OXYGEN  SYSTEM 


PHYSICAL 
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W  AMJ  £ 

1 1  KJ  1  T 

WOT  FA 

TEMP. (“Kl  REFERENCES 

Formu  1  a 

vo2 

Molecular  Wgt. 

82.94 

Dens i ty 

4.69 

g/cm3 

Donnay 

Color 

b  1  ue 

Handbook 

Symmetry 

monocl inic 

Donnay 

Space  Group 

P2j/a  Z-4 

Donnay 

Lattice  a 

Parameters  ^ 

5.744 

4.520 

A 

Rao  eta). 

o 

c  5.376 

o 

6  17.2.6 


V-V  2.65,  3.12 

A 

Everhart  & 
McChesney 

T  rans 1 1 i on 
Temperature 

68 

#C 

to  ruti 1 e  structure 

Chamber  land 

Symmetry 

tetragonal 

(rutile) 

Donnay 

Lattice 

ao  4.559 

o 

A 

357 

Rao  et  al . 

Parameters 

c  2.801 

o 

V- 0  1.95 

Bongers , 

0-0  2.50,  2.87 

Westman 

Temperature 

(I/a) (da/dT)  0.5 

.5 

10  /°K 

340-550 

Bongers 

Coef f . 

(l/c) (dc/dT)  3.6 

Melting  Point 

1818 

®K 

Cook , 

TPRC,  p.  5; 

Specific  Heat 


0.157  ca 1/g  °K 


300 


TPRC  , 

Berglund  & 
Guggenheim 


THE  VAN/'D  I  UM  -OXYGEN  SYSTEM 


PHYSICAL 


PROPERTY  SYMBOL 

VALUE  UNIT 

MOTES 

TEMP. (°K) 

REFERENCES 

+  - 

Debye  Temperature 

750  *K 

300 

Berglund  £ 

Guggenheim, 

Dcrbenwick 

.  - 

i  hernial  Conductivity 

65  mW/cm  °K 

24  IO'Vk 

300-360 

Berglund  £ 
Guggenhe i m 

5 ' 

Thermal  Expansion 

Coef  f i c i en t 

monoc )  i n i c (  single 
crystal  ,  | |  c-oxi s 

68°C 

Guntersdorfur 

.  i 

Ij.-a  l'?  fi 

1  * 

26  4.9  10"  / 0 K 

tetragonal  ,  single 

1 37 

Hozony  £ 

crystal 

Perk  i  ns , 
Bongers 

1 

Young's  Modulus 

1  V 

2  10  dynes/cm 

monocl in>c 

300 

Guntersdorfer 

i  1 

1 

ELECTRICAL 

PROPERTIES 

1 

i 

Dielectric  Constant 

C  i  a  E  ||  a 

1 

j;  i 

Optic  i 

VO 

10.0  9.7. 

ref lecti vi ty  mess. 

300 

Barker 

Static  t 

o 

40.6  25.9 

at  1  -90u  on  single 
monoc 1 i n ic  crystal 

et  a!  . 

Optic 

Monocl  inic. 

5.6  5.54 

at  0.3-6u 

300 

Ver 1 eur 

!  1 
s 

*  •  ! 

Monoc 1 i n i c 

4.26 

1 000  $  film 
at  0.23  to  4y 

300 

et  a  1  . 

1 

1  ’  I 

r  » 

1  <  i 

Tetragona 1 

3.95 

1 000  A  film 
at  0.25  to  6u 

355 

:| 

Opt  i  c 

0.6  1 .  2p 

L  1 

Monoc 1 i n i c 

8.5  9.5 

single  crystals  £ 
Sputtered  films 

300 

Derbenwi ck 

*  1 

Tetragonal 

6  -1 

350 

* 

Optic 

}  i  a  E  i  |  a 

1  j 

Tetragona 1 

3-77  4.17 

single  crystal 

355 

Verleur 

\ 

at  0.25  to 

et  al  . 

1  1 

I 
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THE  VANADIUM-OXYGEN  SYSTEM 


ELECTRICAL 

PROPERTY  SYMBOL  VALUE  UNIT  NOTES 


Dielectric  Constant 
Pressure  Coeff, 

_  6 

(l/e) (de/dP)  -2  10  /bar 


temp.Ck)  REFERENCES 


Neuman 
et  a  1  . 


Res i st i vl ty 

5 

.4 

10 

ft -cm 

high  purity, 
single  crystal 

293 

341 

Bongers , 
McChesney  £ 
Guggenheim, 
Bando  et 
al . ,  Ladd  & 
Paul 

5xl03 

f  (Hz) 

single  crystal 

4 

Aust i n  & 
Turner 

_  J 

10 

100 

CD 

O 

1 

o  <*' 

o 

single  crystal  , 

1  1  -t 100] 

300 

Kabash i ma 
et  a  1  . 

25 

1010 

1 1 c-axi s 

1 1 a-axi s 

.2 

.2 

4x10 

10  ft- 

-3 

.4 

2x10 

4x10 

Temperature 

il-cm 

TCR 

Th i ckness 

Coeff. 

4.2 

-0.036/°c 

700  A 

2.3 

-0.I06/°C 

1000 

epitaxial  films  300  Koide  £ 

on  rutile  Takel 

monoclinic  crystals  300  Everhart  £ 

McChesney 

sputtered  films  300  Hensler 

et  al  . 


Pressure  Coeff. 

dp/pdP 


.5  2 

-2  10  cm  /kg 

*3.5 


single  crystal , 
P>=  5xl03  kg/cm2 


293  Ladd  £ 

Paul  , 

Guntersdorf er , 
Neumann 


THE  VANADIUM-OXYGEN  SYSTEM 


ELECTRICAL 

PROPERTIES  S  YM  HO l 

VALUE 

UNIT 

NOTES 

TEMP.  (°K) 

REFERENCES 

Irani i t ion  T 

66°c 

Chamber  1  and 

Tgp-.perature 

Pressure  cl T  /dP 

+8.02 

IO's°K/kg  cm*2 

single  crystal, 

P=-  i+x  1  04  kg/cm- 

Berglund  G 

Coeff. 

Jayaraman 

dp=  ! 0**  U-em 

+5.90 

high  purity,  sing 

le 

Ladd  £ 

crystal ,  P=  8x10* 

kg/ cm2 

Paul  , 

Neumann  et . 

A 

a  1  . 

T rans i  t  i  on  Time 

20 

nsec . 

1 6 00  A  thick  film, 

Roach  G 

sputtered  on  glass 

Bal beig , 

Cope  6 

Penr. 

Mob i 1 i ty 

0.05 

err.2 / V  sec 

sputtered  film, 

273 

Hens  1 er , 

0.01 

powder 

370 

Ki  tahi ro 

et  at. 


0.6 

single  crystal  , 

300 

Barker 

15*20 

1  ii-cm 

353 

e  t  a  i . 

Effect i ve  Mass 

Elect  ror. 

m 

0.5-h 

m 

metallic  statu , 

>68°C 

Barker 

n 

o 

calc,  from  optical 

et  a  1  .  , 

and  el ect r  i c  meas . 

Berglund  G 

Guggenheim 

mHn 

1.6-7 

semi  conduct i ng 

<68°C 

an 

state 

m 

n 

1  “4 

1 1 

m 

7.1 

single  crystal  , 

>68°C 

Hens  1 er 

n 

sputtered  films 

1 

<6o°C 

Energy  Gap 

0.6-0. 7 

eV 

optical  meas.  at 

"-68°C 

Ver 1 eu  r 

0 . 3'6u  on  a  film, 

e  t  a  1  .  , 

electrical  meas. 

Heywang  G 

on  a  single  c rys ta  1  , 

Guntersdorfer , 

phe'oemi ss ion  meas . 

Powe  11  e  t 

on  o  r  i  1  m 

a  1  . 

H) 


THE  VANADIUM-OXYGEN  SYSTEM 


ELECTRICAL 

DbODCDT 1 CC 

Wrtl  lie 

nil  i  t 

MftTCC  TCMD  / °V \ 

DCiTFDCICr  FS 

P.ar> 

3  / 

.6 

.2 

Berglund  £ 

Pressure 

dE  /dP 

-v-10 

eV/kg  cm 

semiconducting 

Coef f . 

9 

state 

Jayaraman 

Deformat i on 

8 

eV 

pi ezores i stance 

300 

Guntersdorf er 

Potent i a ! 

meas.  on  single 
crystal 

Photoemi  sslon 

5.4 

eV 

5u  film 

298 

Powel 1 

Threshold 

4.8 

373 

et  al  . 

Quantum  Yield 

7xlO'3 

electrons/proton 

298 

Powel  1 

2x10*^ 

373 

et  al  . 

Seebeck  Coeff. 

-21  .1 

pV/°C 

|  c-axi s 

75°C 

Berglund  £ 

-23.1 

J_  c-axi  s 

Guggenhe  im, 

-30  to  -400 

O 

o 

ca 

Hensl er 

-900 

single  crystal 

293 

Ki tah i ro 

-750 

333 

£  Watanabe, 
Bongers 

1 

O-J 

o 

700-1300  A,  single 
crystal  ,  sputtered 
films 

300 

Hensler 

Magnet  1 c 

X 

0.88 

.6 

1 0  cgs 

single  crystals 

100-300 

Barker 

Suscept i bi 1 i ty 

9 

J.-c  ||-c 

et  al  . , 

Hi  1 1  £ 

Ha  r  t  i  n 

0.85  1.0 

_6 

10  cgs 

single  crystal 

293*340 

Berglund  £ 

7.9  8.4 

340-373 

Guggenhe i m 

Ref lect i v i ty 

metal  lie 

_2  2 

X=  0.7-0.8p 

70°C 

Mokerov  £ 
Rakov , 
Barker  et 
al  . 

Emi ss i vi ty 

2.5 

10  W/cn 

single  crystal 

300 

Boyle  £ 

4.4 

340 

Verleur 

2.0 

341 
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VO  -  ELECTRICAL  RESISTIVITY 


Resistivity  of  single  crystal  V02  • 
as  a  function  of  temperature, 
measured  parallel  and  normal  to 
the  monoclinic  a-axis, 

Everhart  6  McChesney 

«"»  •<  rhr**** 


Ub‘V 

Resistance  ns  a  function  of  b.as 

voltage  at  296“K. 

1 .  Increas i ng  vol  tage 

2.  Decreasing  voltage 


MMUM4  -UK 


Valiev  et  al  . 

ImiIikK  •« 


16 


The  dc  and  microwave 
of  single  crystals , 


conduct i v 1 t 1 es 
a5  a  function 


of  temperature. 


Kabashima  et  al . 


Pressure  dependence  of  the 

transition  temperature  In 

'  ile  crystal  V02  at  24.5  c 


s  i  ng  i 


.o  increasing  pressure 
$  decreasing  pressure 
*  resistance  normalized  to 
atmospheric  pressure 


o*f  *»»’€> 


Neumann  et  al . 


RtFLECTJV 


OPTICAL  PROPERTIES 


V 02  -  REFLECTIVITY 


MUUWCI 


Reflectivity  as  a  function  of  wavelength  at  three  temperatures. 

The  solid  curve  is  a  fit  for  data  below  the  transition  temperature, 
at  63°C,  Data  points  marked  by  a  triangle  were  taken  on  cooling. 

triiw  pirMiMim  Barker  et  al. 

Co»i**»t©  UmiIuii  IMlItata  §r  Fkralu 

< 

4 

4 

4 

4 


Reflectivity  as  a  function  of  wavelength 
for  single  crystals,  measured  above  and 
below  the  transition  temperature. 

1 .  E  I.  cr  above  70°C 

2.  El  am  at  20°C 

3.  E | | am  at  20°C 

4.  E  1 1 cr  above  70°C 

Structure  above  2  eV  is  associated  with 
electron  transitions;  below  2  eV  the 
reflectivity  is  metallic. 

.it*  4,  hokerov  6  Rakov 

CO  Aim  fico  mat  (tut*  Pfcytlaa 

19 


4 


1 


h 

1 

i 

1 

] 

\ 

i 

i 

j 


‘ 

■ 


i 


i 


BAND  STRUCTURE 


STRUCTURE  f\OT  -  VOj 


o  •  a  SAMPLE  06 
BRA  SAMPLE  04  (ctiflttd) 


lEVEL  (cmn) 


UT, 11 


Electron  energy,  E,  is  measured  relative  to  the  uppermost 
occupied  level.  The  location  of  the  structure  relative  to 
t.ie  uppermost  occupied  level  is  the  same  for  V? O4  and  V^Og 
within  the  resolution  of  the  photoemission. 

Derbenwick 


’  i  T  PiUJU. 

«J  -  -11.  ???/ 


m  m 

¥0*  vo 

tMlITM  V0« 

(,00‘CI 


'tJ.T 

Aw 

cocuiaon 

(MTUAXTION 
•  I  Aft) 


COLtCCTOH 
(CUTOFF  II  Af 
IOQ*) 


Energy  level  and  bias  relationships  for 
VO2  above  and  below  the  transition 
temperature.  Ef  is  the  Fermi  level  and 
Ev  marks  the  vacuum  level  .  The  energy 
zero  point  is  placed  at  the  Fermi  level 

pvfeiitMt  *ith  HniMiu  Powe 1 1  et  al . 

O*rri«M0  Aawrleon  l.iildl.  If  Mffiki 


0*DuCTiviTr  :Qc«r 


property  symbol 

VALUE 

UNIT 

Formu 1  a 

V20i, 

Mn  1  aoi,  1  .  .  ii  . 

•  *-  «  I  L  « 

ifcs.eo^ 

-  -  ,  . , 

4.4 

g/cm-* 

Symmetry 

monoc! inic 

Lattice  Parameters  a 

o 

5.753 

0 

A 

b 

o 

4.524 

c 

o 

5.382 

0 

122.62° 

Syrnme  try 

tetragona 1 

Lattice  Parameters  a 

o 

4.54 

0 

A 

c 

o 

2.85 

Coefficient  of 

Expans i on 

5. A 

I0"6/'k 

Shift  in 

Coe  f  f  i  c  i  en  c. 

-1 

10'  /°K 

Melting  Point 

1547 

°C 

THE  VANADIUM-OXYGEN  SYSTEM 
E  UNIT  NOTES 


Specific  Heat 


O-IO  cai/g'K 

0.25 

0.25 


(rutile) 


(tetragonal ) 


temp.(°k)  references 


<?o6c 


>/0cC 


Chamberland , 
Minomura  £ 
Nagas  iki 

Chamberland , 
Minomura  £ 
Nagasaki 


Minomura  £ 
Nagasak i , 
King  £ 
Suber 


Minomura  £ 
Nagasak i 


King  £ 

Suber  "f 

Minomura  £  • 

Nagasaki  | 

TPRC,  P-  532,  -r 

Cook  ^ 

TPRC.  P-  532  J 

I 


I 

I 

i ! 

"  i 

I I 

1 

li 


THE  VAN  f:  M-OXYGEN  SYSTEM 


ELECTRICAL 

HKOMERTY 

SYMBOL 

VALUE 

UNIT  NOTES 

TEMP. (°K) 

REFERENCES 

0 1* 1 ec  t r  1  r 

Cons 1 5n  t 

Opt i c a  1 

e 

ao 

9 

tetragona 1  ,  E |  | c-ax  i  s 

353 

Barker 
et  a  1 . 

Resist  ivi  ty 

.4 

10 

10 

12-cm  single  crystal, 

high  qual i ty, 
or ! ented  |  |  c-ax i s 

>339 

<339 

Ladd  £ 

Paul 

Trans i tion 
Temperature 

66 

•c 

Ladd  £ 

Paul 

Pressure 
Coef f . 

dWdP 

6 

.5 

10  °K/bar  P«=  0  kbars 

Ladd  £ 

Paul 

Resistivl ty 

.2 

10 

Si-cm  amorphous  film, 

rf-sputtered  on 
substrate  at  13S°C 

300 

MacKenz  ie 

Energy  Gap 

E 

9 

0.65 

eV  transmission  mean, 

on  single  crystal 

300 

Ladd  £ 

Paul 

V20i,  -  REFLECTIVITY 


Reflectivity/Transmission  of  a 
single  crystal,  epitaxial  film, 
grown  by  vapour  transport.  Data 
are  taken  above  (350JK)  and 
below  (30Q°K)  the  transition 
temperature. 

Fan  &  Paul 


Reflectivity/Transmission  as  a  function 
of  wavelength  In  z  single  crystal  ,  above 
and  below  the  transition  temperature, 
(300  and  3606K) .  Transmission  is  also 
shown  for  a  thin  sample  at  300° K 

Fan  6  Paul 


THE  VANADIUM-OXYGEN  SYSTEM 


PROPERTY 

SYMBOL 

VALUE 

UNIT 

NOTES 

TEMP. (°K) 

REFERENCES 

formula 

V50g 

VOi.e 

Kosuge [B] 

Molecular  Wgt. 

398.71 

Symmetry 

t  r  1  c  1  i  n  1  c 

Donnay 

Latt 1 ce 

a 

7.00k 

O 

A 

Donnay 

Pa  romcters 

O 

b 

0 

7.825 

c 

0 

5.^65 

a 

97*39' 

3 

109°  2' 

Y 

3k°  6' 

Dens i ty 

k.72 

g/cm3 

Donnay 

Electrical 

Res i s t i v 1 ty 

_3 

10 

I03-I04 

W-cm 

single  crystal 

130-300 

0k 1 naka 
et  al .  [D] 

125 

Trans i t i on 

130 

°K 

single  crystal 

0k i naka 

Temperature 

et  al . [d] 

Seebeck  Coeff. 

-10  to  -20 

VV/°K 

single  crystal 

130-300 

0k i naka 
et  al . (D] 

-200 

125 

-ooo 

110 

Magnet i c 

X 

10 

_c- 

10  cgs 

single  crystal 

77-1^0 

Nagasawa 

Suscept i bi 1 1 ty 

g 

et  al  . [A] 

ks 

\ko 

Kosuge  [B] 

28 

265 

N6el  Temperature 

162 

°K 

sintered 

Kosuge 

et  al  . [A] 

the  vanadium-oxygen  system 


PROPERTY  SYM60L 

VALUE 

UNIT 

NOTES 

TEMP  .  ( ° K)  REFERENCE 

rormu  i  a 

vo2 .16-2-17 

Kosugeiu] 

Muiecuiar  w'g  t . 

pi  3 .652 

Me  1 1 i ng  Point 

708 

°C 

Kosuge [ B] 

Svmme-t  ry 

monoc  1  i  r,  i  c 

V12C26 

Donnoy 

Lattice  a 

Parameters  ° 

!  l  .90 

Donnay 

bo  3.671 


c  10.122 

o 

3  1 00°52 ' 


'  Expansion.  Coeff. 

-1  .62 

O 

l 

o 

s ! ntered 

80-173 

Kosuge 

'  i 

e  t  a  !  .  [  B  ] 

+  1.1  H 

o 

O 

173-300 

1 

|  Electrical 

103 

u-cm 

s i ntered 

300 

Kachi  et. 

.  .  * 

| 

f  Res i st  i  v i ty 

5 

a  1  . 

) 

!■ 

t 

3x10 

156 

i 

| 

A 

2x10 

157 

* 

* 

2.5x10 

u 

100 

i 

1 

i 

Trans i tion 

156 

eK 

electrical  meas. 

“  j 

_  _  i 

Temperature 

15* 

magnetic  meas. 

n  “  t 

-  t 

»• 

l 

Pressure  dT  /dP 

-1.06 

.4 

10  °K/bar 

single  crystal 

Kosuge 

-  1 

Coeff.  C 

et  a  1 .  [B] 

“  i 

Magnetic  X 

6 

1 0  cgs 

s i ntered 

77-150 

Kosuge 

Susceptibility  ® 

3 

175 

et  a  1 . [A,B] 

1  j 

-t 

8 

280 

1  . 

N6el  Temperature 

155 

°  K 

Kosuge 

■  ; 

et  a  I .  [A]  J| 

I 

I 
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THE  VANADIUM-OXYGEN  SYSTEM 


PROPERTY 

SYMBOL 

VALUE 

UNIT 

NOTES 

TEMP. (°K) 

REFERENCES 

Formu 1  a 

V60H 

VO!.  8  3 

Kosuge[B] 

Mol  ecu  lor  Wgt. 

481 .652 

F. i ect r i ca 1 

.1 

10 

Q-cm 

single  crystal 

177-300 

0k 1 naka 

Res ist i v I ty 

102 

177 

et  a  1  .  [C  ] 

TransI tion 

177 

®K 

0k 1 naka 

Temperature 

et  a  1  .  [C] 

Seebeck  Coeff. 

-10 

yV/“K 

single  crystal 

177-300 

0k 1 naka 

-900 

.6 

et  al . [C] 

Magnet i c 

X 

20 

1 0  cgs 

single  crystal , 

,  77 

Nagasawa 

Susceptl bl 1 i ty 

9 

36 

T  -  1 7  0 0  K 

170 

et  al . [ B ] , 

-  ■ 

31 

c 

250 

KosugefB] 

Formu i a 

V7Ct  3 

single  crystal 

0k 1 naka 
et  al . [C] 

Electrical 

Res  i  st  i  vi  ty 

_  3 

10 

U-cm 

120-300 

Seebeck  Coeff, 

-i 

i.V/,K 

120-300 

Magnet i c 

X 

44 

_b 

10  cgs 

100 

KosugelB] 

Suscept i bi 1 1 ty 

9 

22 

250 

. 

Formu  1  a 

V407 

single  crystal 

0k i naka 
et  al . [E] 

El ectr i ca 1 

.2 

10 

ii-cm 

300 

Res i st i vi ty 

.3 

2x10 

O 

250 

10 

200 

Seebeck  Coeff. 

-10 

uV/°K 

250-300 

-230 

200 

T  rans i t ion 
Temperature 

250 

°K 

Magnet i c 

X 

14 

10  cgs 

100-175 

Kusuge(B] 

Suscept i b i 1 i ty 

9 

24 

250-280 

27 


Mognrtic  ftu*op*it»Bfy.  X»0*  lt4Mmu.) 


VANADIUM  DIOXIDES 


T«mptrotuft.  *K 


Magnetic  susceptibility  as  a  function  of  temperature 
for  a  series  of  vanadium  dioxides. 

Kosuge,  B 


Ttmptrotur*,  *K 


Magnetic  susceptibility  as  a  function 
of  temperature,  employed  for  the  phase 
identification  of  a  series  of  non- 
stoichiometric  V^O ^  compounds. 

Kosuge,  B 


Ntlilhtfd  »itk  t#f«iswon 

Pir|««tn  Prut 
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THE  VANADIUM-OXYGEN  SYSTEM 


PROPERTY 

SYMBOL 

VALUE 

UNIT 

NOTES 

TEMP. (°K) 

REFERENCES 

Formu la 

v2o5 

Moiecuiar 

Weight 

iSi .66 

Dens i ty 

3.357 

2.42-2.69 

g/cm3 

single  crystal 

amorphous 

298 

Kennedy 
et  a  1 . 

Color 

pale  yellow 

transparent 

Kenny 
et  al . 

C 1 eavage 

(100) 

acicular  habi t 

Don nay 

Symmetry 

orthorhombi 

c 

Donnay 

Space 

Group 

Pnm2  2-2 

Don  nay 

Lattice 

Parameters 

ao 

bo 

1  1.510 

4 .  3A9 

O 

A 

Bachmann 
et  a  1  . 

co 

3.563 

Melting 

Point 

66  R 

°C 

single  crystal , 
loses  oxygen  on 
i n  vacuo  at  600° 

heat i ng 

C 

Kennedy 
et  a  1 , 

676 

Kosuge , [B] 
Kimi zuka 
et  a  1 . 

Spec i f i c 

Heat 

O.I67 

0.227 

ca 1 /g°K 

O  O 

O  LA 

fA  <TV 

TPRC , 

P.  534 

Thermal 
Expans i on 

Coe  ft'  ic  i  ent 

2 

55.4 

8 

10_6/°K 

|  |  a-ax is 
| |  b-ax i s 

|  |  c-axi s 

25-600°C 

Kennedy 
et  a  1 . 

ELECTRICAL 

PROPERTIES 

Dielectric 

Constant 

Opt i ca 1 

e 

00 

n.  4 

Kenny 
et  al  . 
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THE  VANADIUM-OXYGEN  SYSTEM 


PROPERTY 

Dlelectrl c 
Constant 

Static 


Res  1st  I  vl  ty 


Hob  1 1  I ty 


SYMBOL 

VALUE 

UNIT 

NOTES  TPMP.("k 

REFERENCES 

e0 

6.89 

pressed  powder 

O 

O 

Kl riashklna 

at 

6  GHz 

et  al  . 

a 

b 

c  (axes) 

170 

4700 

670  ohrr.-cm 

single  crystal 

298 

Kennedy  et  al . 

5x10® 

1010 

2xl08 

single  crystal 

100 

McCu 1  loch 

platelets  grown 

103 

2xl03 

5xl02 

at  700°C,  laminar 

300 

wl th  ml rror 

surface 

I08 

1010 

3xl07 

high  purl ty , 

77 

Volzhenskl 1  & 

single  crystal 

Pashkovskl 1 , 

2x10** 

10s 

200 

300 

Ioffe  &  Patrina, 

Patrlna  S  Ioffe 

120 

I04 

50 

450 

1  .6 

4 

0.4  103  ohm- 

cm  single  crystal 

K) 

VO 

u 

Al  lersma  et  al . 

25 

ohm- 

cm  liquid  In  air 

670*C 

7 

liquid  In  argon 

10s 

high  dens i ty , 

300 

amorphous  film 

10® 

low  densi ty , 

300 

amorphous  film 

1.1x10® 

0.5-5u  thick, 

300 

Kennedy  et  el. 

amorphous  film 

3xl04 

ohms 

P  <100  kbars 

300 

Minomura  & 

103 

P-100- 105  kbars 

Dr ickamer 

4xl04 

P  >105  kbars 

104 

P  >300  kbars 

5 

cm2/V  sec 

high  purity, 

300 

King  6  Suber 

macrocrysta 1 1 ine 
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PROPERTY 

SYMBOL  VALUE 

UNIT 

NOTES 

TEMP. (°K) 

Mob i 1 i ty 

a  b 

1  A-/1  1  ..  1  « 

IU  JAIU 

10_?  10" 

c  (axes) 

-U  e-  i  *-? 

PA  1  V  ~ 

2  to-1 

high  purity,  single 
crystal 

300 

**0 

Energy  Gap 

E,  ,-c 

£,,-a 

2.3* 

2.36 

eV 

opt : cal  meas .  on 
high  purity  s i ng le 
crys  ta  1 

300 

2.  *9 

2.30 

2.5* 

2.32 

single  crysta  1 , 
optical  meas.  at 

0. *7-0. 56  y 

0 

300 

Temperature 
Coef f i c i ent 

dE  /dT  -6.1 

9 

-7.3 

10“*  eV/ 

°K 

293-653 

Seabeck 

Coefficient 

a  b 

-5.8  -6.* 

-9  -8.2 

-8.*  -8 

c  (axes) 

-8  uV/°K 

-10 

-9 

high  puri ty , 
single  crystal , 
max.  at  250°K 

1  Oo 

250 

*20 

-1000 

pV/°K 

single  crystal 

300 

Magnetic  Xq  +0.*  10"6  cgs 

yellow  form 

300 

Suscept ib i 1 i ty 

+  1  . 1 

100-*00 

H  j_  b-axi s  M  J |  b-axi s 

single  crystal 

n1sfaf  ll-C  l 

77-300 

pi  a  tes  ,  11=5  kOe 

0.3  0.2  (I0'6) 


OPTICAL 

T  ransm i ss ’ on 

00 

% 

0.8  p  thick  fill 

A  *■  0.52  p 


REFERENCES 

Vol zhenski i 
£  Pashkovsk i i 

Kenny  et  a  1 . 

Bodo  £  Hevesi 


Bodo  £  Heves  i 


Vol zhensk i  i 
£  Pashkovski  i 


Ioffe  £ 
Patr Ina 

Tourky  et 
al . 

Roch 

Khan  et  a  1  . 

Sinclair 

eta). 
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«>iiun  Mi  If*  I  lir  1111  IT 


r  nvrt r\  i  t 

O  1  I'lUUL 

VMLUL 

VII  1  • 

Refract i ve 

Wavelength 

(w) 

1  ndex 

0.55-0.75 

0.670(1 

0.5893 

n 

a 

2.07 

2.70 

2.89 

nb 

1.97 

2.07 

2.10 

n 

2.12 

2.Jt5 

2.55 

MAT  C  C 

TCMD  (6 y\ 

or FPRPMrrc 

single  crystal  , 
blrefringent 

300 

Kenny  et  a i . 
King  &  Suber 

33 


Conductivity  (obm-cm) 


V2C>5  -  ELECTRICAL  PROPERTIES 


:k 


iOO  MO  300 


10  n  T'K 

too  r,'K~ 


Electrical  conductivity  as  a  function 
of  temperature  in  single  crystal  V2O5 

along  the  three  crystal  axes. 


b i  s 


ISO  120  2S0  200  1*0  ISO  *20  f.M 

Thermoelectric  power  in  single 
crystal  V2O5  grown  under  5  atm. 
oxygen  pressure.  Maximum  at 
250°K  for  thermal  emf  along  the 


K.ki.i*w  .iih  Volzhenskii  £  Pashkovski 


Pv». altk  p«>a<MMii  ,UM  1  *  r  “ 1 
Amtflcm  HitlllkM  •<  Pkrktol 


Volzhenskii  &  Pashkovski i , 
Ioffe  £  Patrlna 


Thermoelectric  power  as  a  function  of 
temperature  for  V-Oj.  single  crystals. 
j(l\'  is  annealed  at  ^800°K 

*<*«•»•«  »n»  k«r»i§»i««  Ioffe  £  Patrina 

kwwit  f>«h 


OPTICAL  PROPERTIES 


__J_ _ * _ _ i  _  7  t  H  ;l  n//  it 

■Jtk 


III V 


e' —  — - 

.W|  flit  p 


US  '  W  ».cm*‘  | ’5. 


J-l.U  nun 


V\\  \l 


icctjsx  itx  :.x-  not  not  ijtV  mi  m  w  si: 

k.  cm'1 


Transmission  spectra  of  single  crystals  at  300°K. 


- -  E  H b 


„  }  s  s  ..  r  1 :  n  i:  it  is 

k  1 1 ... ...  — . — '  ■  r  r  - . •>--• 


Hi  \  MS 


JU 1 


siti  <m>:  nn  wa\ 


;ju  tjte  i>&  m  m 


Reflectance  spectra  of  single  crystals 
spectra  in  the  narrow  band  region  are 
shown  in  the  insert. 


PwbUaha#  aitti  pimiiilin 

c»P*'ithl©  American 

laaiiintt  at  ptnalca 


Heves i  et  al 


OPTICAL  PROPERTIES 


Optical  constants  of  single  crystal  V-0 . 
at  300° K  (monocllnlc  phase)  ‘  ' 

o  The  three  refractive  Indices  as  a 
function  of  wavelength 

□  Imaginary  components 


FvPIltMl  with 


Jacobsen  6  Kerker 

Journal  of  the  Optical 
Society  of  America 


Transmission  as  a  function  of 
wavelength  for  a  sputtered 
f 1 1m,  0.8  u  thick. 

Pubii»b#d  with  ptrm-tiion  Slnclal r  et  al . 

Coprfjht®  El«r.troch*m»COi  Socrtty 


n,% 


AV,  «V 

Reflectivity  as  a  function  of 
wavelength  for  single  crystal 
at  300°K 

5 .  E  II  c-ax  Is,  6 .  E II  a  -ax  I  s 

F«MahM  wIMt  par  ail  ,,ia>  MokerOV  £  RakOV 

CopgrrlgPlC  AnarUpn  Inltlfult  a)  Ph,,iga 


v»AVn.CNor«  <md 


THE  VANADIUM-OXYGEN  SYSTEM 


property  symbol 

VALUE 

UNIT 

NOTES 

TEMP. (°K) 

REFERENCES 

Formu la 

V305 

VOi  .65-1 .67 

Kosuge  [b] 

Mo  1  ecu  lar 

Weight 

232.826 

1 1-\/ 

1.  r>  r- 

.  "> 

-  •  03 

g/  enr 

Donnay 

SyTvne  t  ry 

monoc 1 i n i c 

Z-k 

Donnay 

Lattice  a 

Parameters 

9.R35 

O 

A 

Donnay 

bo 

5.031 

co 

8.97^ 

6 

109°  28' 

Electrical 

Res i s t i v i ty 

250 

ohm-cm 

single  crystal, 

o 

o 

0k i naka  f A] 

106 

2  x  !08 

meas.  j_  growth-axis, 
slightly  an i sot rop i c  , 

185 

et  a  1  . 

no  trans i t i on 

115 

2  x  lu3 

s intered 

300 

Kach  i 

2  x  I0f 

185 

et  a  1  . 

Seeoeck 

Coefficient 

-250 

pV/cK 

single  crystals 

300 

0k i naka [A] 

-koo 

200 

et  a  1  . 

Magnetic  * 

Suscept i bi  1  ! ty  g 

2k 

I0"6  cgs 

single  crystals 

250 

Nagasawa [B] 

30 

77 

et  a  1  . 
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PHYSICAL 

PROPERTY  SYMBOL 

VALUE 

UNIT 

NOTES 

TEMP . (°  K) 

references 

Formu 1  a 

V  2°3 

Molecular  Wgt. 

149.88 

Oens i ty 

5.05 

g/cm3 

monoc 1 i ni c 

Donnay 

Color 

blarP 

Handbook 

Symmetry 

monocl 1 nl c 

Donnay 

Lattice  aQ 

Parameters  b 

o 

c 

0 

13.88 

4.98 

8.57 

0 

A 

<  l60°K 

Donnay 

F 

91° 36' 

v-v 

y-v 

2.7'i5 

2.987 

0 

A 

face  (a-c  plane) 

edge 

Dernier  £ 
Mare?,  io 

Symmetry 

hexagonal 

a-corundum 

Donnay 

Lattice  aQ 

Parameters 

o 

4 .948 

13.97 

O 

A 

McWhan  £ 
Rice, 

Nakahi ra  e 
al  ,  Newnhc 
&  de  llaan 

V-V 

V-V 

2.700 

2.072 

face 

edge 

Dernier  £ 
Marez i 0 

Dens i ty 

4.98 

g/cm3 

single  crystal 

Zhuze 
et  a  1 . [A] 

Melting  Point 

2050 

°C 

Stringer 

Spec i f i c  Heat 

0.165 

0.2*1 

0.25 

ca l/gr 

°K 

300 

1700 

1800 

TPRC , 
p.  530 
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THE  VA'  \Di UM-OXYGEN  SYSTEM 


PHYSICAL 

PROPERTY  SYMBOL 

VALUE 

UNIT 

Thermal  Expansion 

n.-2 

O 

-3  U) 

o 

electrical 

PROPERTY 

Dielectric  Constant 

M 

id 

o 

o 

Slat  i  c 

4o  15( 

±20$) 

18 

36 

Optical 

e  ^5 

<3J  ~ 

E lectr 1 ca 1 

Res  1 st i vi ty 

_4 

1 .3x10  fi-cm 

105 

I07 

1 1 -c  plane 

1  1  -a  p lane 

3x!0*4 

_4 

1x10 

5.6x10'" 

6.3x10'4 

104 

10s 

12x10“ 

21 

26 

29 

104 

.2 

10 


NOTES 

TEMP. (®K) 

REFERENCES 

hot  pressed  at 

1  100°C 

1  73°C 

soo-soo’c 

FoKx 

polycrysta 1 1  i  ne 
at  1  MHz 

53 

MacMi 1 lan , 
p .  18 

v2^3,7  pressed 
powder , 

C3U0"  50  Q'cm 
at  10  GHz 

<  1 60 

Samokhava 1 ov 

si ngle  crystal 

>T 

c 

Zhuze 
et  al . [B] 

high  puri ty, 
single  crystal 

300-170 

168 

115 

Goodman 

single  crystal 

285 

MacM i 1 1  an 

single  crystal 

273 

150 

120 

500 

600 

700 

800 

Fe i n lei  b  6 
Paul 

amorphous , 
sputtered  film 

<  1  70 

>170 

MacKenz  i  e 

60 
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ELECTRICAL 

property 

SYMDOL 

VALUE  UNIT 

NOTES 

TEMP. (°K) 

REFERENCES 

E 1 ec  t  r i ca 1 
Res i st i v  i  ty 

_  3 

0.36+2.3x10  T(°K) 

Temperature  o(T)/p(0°C) 
Coef  f . 

single  crystal 

150-350 

Fe i nl ei b  £ 
Paul 

Pressure 
Coef f . 

1 

dp/dP 

i -c  1 1 -a 

'  " .  .6 

4.3  -8.0  10  W-cm/kbar  P=6  kbar 

300 

.M-a 

Volume  ( 1 /p) (dpV/dV) 
Coef f . 

42 

20 

P>=1  bar 

P=25  kbar 

300 

McWhan  £ 

R  i  ce 

T  rans i t i on 
Temperature 

T 

c 

172+4  °K 

high  purl ty , 
single  crystal 

Goodman , 
McWhan  5 
Rice, 

Mor  i  n 

Pressure 
Coef f . 

dT  /  .. 

C  dP 

-4.1  °K/kbar 

P= 1 5  kbar, 
single  crys ta  1 

150 

Austin 

-3.70 

P«6  kbar 

Fe i nl e i b  £ 
Pau  1 

-3.1 

P=)60  kbar 

77-500 

Minomura  £ 
Nagasaki 

a 

b  c  (axes) 

Stress 
Coef f . 

dVdS 

1  -4.1  -0.5  °K/kbar 

single  crystal 

300 

Feinleib  £ 
Paul 

Mob  i  1 i ty 

Hole  u 

P 

Temperature 

Coef f . 

0.55  cm2/V  sec 

0.40 

_0 .7 

T 

single  crystal 

200 

300 

Zhuze 
et  al . [A] 

Ho  1  e 

U 

P 

0.6 

0.2 

300 

700 

Aust  i  n  £ 
Turner 

Hole 

P 

_4 

1.5x10 

single  crystal 

125 

MacM i 1 1  an 

P 
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ELECTRICAL 

ppnpCOTV 

QVMRHI 

value 

!!N  1  T 

NOTES 

TEMP. (°K) 

REFERENCES 

Effecti ve 
Mass 

m* 

45-50 

m 

0 

s  ingle  crystal 

>T 

c 

Fei nl el b  & 

1  au  •  |  mu  «  w 1 

£  Fei nl ei b 

1! 

optical  meas. 
on  single  crystal 

>T 

c 

Zhuze 
et  al . [3] 

Mean  Free 

Path 

2 

0 

A 

Feinleib  £ 
Paul ,  Adler 
£  Feinleib 

Energy  Gap 

0.1 

0.12-0.18 

eV 

optical  meas. 

electrical  meas. 

77 

150-170 

Feinleib  £ 
Pau 1 ,  Adler 
£  Feinleib, 
Barker  £ 
Reme i ka 

Pressure 
Coef f . 

dE  /dP 

9o 

-4.4  10 

.6 

eV/ bar 

single  crystal 

Feinleib  £ 
Paul  , 

Austin 

Seebeck 
Coef f . 

qm 

10.5  i*V/°K 

single  crystal 

285 

MacMl 1 lan 

qi 

Q 

3.2 

+350 

-400 

p-type 

n-type 

100 

100 

Q,l 

M2 

<-5 

170-500 

100-150 

Aust 1 n  £ 
Turner 

Magnet i c 
Suscepti bi 

X 

1  i  ty  9 

_7 

'.10 

3.8  10' 
6.4 

cgs 

6 

cgs 

single  crystal 

pressed  powder 

>170 

90 

293 

MacMi 1 lan 

Bogdanova  £ 
Log i nov 

X  X, 

1  1  1 

6.9  5.9 

11.2  12.2 

.6 

1 0  cgs 

single  crystal 

<170 

>170 

Carr  £ 

Foner , 
Nakahi ra 
et  al  . 

12.42  12.56 
11.24  10.88 

single  crystal 

300 

Arnold  £ 

Mi  res , 

r  ..  c 

Gossard  £ 
Menth 
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OPTICAL 


PROPERTY  SYMBOL 

VALUE 

UNIT 

Wavelength 

i .  \ 

\UJ 

T  ransm i ss i cn 

0 

0.2-20 

maximum 

6 

Ref  ract  i  ve 

1  .8^4 

0.4 

1  ndex 

1 .67 

1 .0 

1.35 

2.0 

6.8 

10.0 

0.8 

20.0 

t cmc  r°i/\ 

fircrnrur  r  r 

■  ‘  W  '  W  '>LMU  1.  J 

300 

Pe i n le i b  & 

77 

Paul  , 
Barker  £ 
Reme i ka 

single  crystal 

300 

Zhuze 
et  a  1 . [B] 

I 

1 

I 


1 

1 

1 

I 

I 

f 
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K 


m  v-t(«  Aunt 
4,  V-4(MUL 
<0*  MMi  »'*  A  m 


TCMACRAruM  no 


Electrical  resistivity  as  a  function  of 
temperature  to  800°K  for  single  crystals. 

P33  measured  along  c-axis 

Oil  measured  in  basal  plane 

Foex's  data  on  sintered  bars  are  included, 

plmumi i  aim  p<naiMiM  Fe  1  n  I  e  f  b  6  Pau  I 


'"|  ,  ,  ,  -K  100  200  3<?0  4QC  I 

4  3  6  7  8  9  10 

I2P0. 

T  l*K  I 

Resistivity  as  a  function  of 
temperature  in  single  crystals 

Kosuge,  A 


AMrieon  tnttltwU  *f  ***»»•• 


o  Oknoi^  A|tM« 

•t  fit* 

A  0*C***''f  TiiwpftvfA 
•  (  fiMi 


v*0, 

-  mOROSMTtc  PR£$s-vitc 


(ii).  -(570*0 15) •  «»*/*», 


Ml - J - L - 1 _ j _ 1 _ | _ j 

0  H>v  <*OCC  iOOO  «000  5000  *000 

tc»«) 

Transition  temperatures  as  a  function  of 
hydrostatic  pressure  in  single  crystals. 

eu>n>ia4  aim  ptraiMiM  Feinleib  6  Paul 

CapurlgklO  Amarlew  IMII  mu  if  Pkytfu 


... .  ,r,_.  1 _ ■ ... 

ISO  700  2S0 

tpq 


Magnetic  susceptibility  as 
function  of  temperature  in 
single  crystals,  parallel  £ 
normal  to  the  basal  plane. 

Pvsiiih*#  with  s*,*is*|*k  Carr  &  Foner 

CopyrlfhtQ  A«ttnc«n 

IaaIIImU  ®f  Ph)*Jc» 


TRANSMISSION  1%) 


V203  -  OPTICAL  PROPERTIES 


45 


T  ■  300“  K 


Reflectivity  as  a  function  of  wavelength 
for  a  single  crystal,  epitaxial  film. 

The  substrate  is  single  crystal  alumina 
with  the  c-axis  normal  or  parallel  to 
the  substrate  plane. 

T,  =  8oo°r.,  T2  =  f>0°C 

Measurements  in  the  infrared  and  visible 
are  made  above  the  transition  temperature 


ENERGY  (eV) 


Electrical  resistivity  as  a 
function  of  temperature  for 
^2^3  films. 

a.  sputtered,  polycrystalline  film 
about  0.55b  thick,  alumina  sub¬ 
strate,  annealed  at  600°C 
c.  similar  film  but  showing  great 
difference  in  resistivity 


single  crystal,  epitaxial  film, 
grown  by  vapour  transport  on 
alumina  substrate 


Fan  6  Paul 


9 


12 


r-..-  ,  1  c  *. _ _ 


>  u  vm«  v  anu  wnuuv  v  i  v  i  v  y 


VIYIV/  1*1  *|  II  V  a 

'  1  -x  x  2 

Transition  Conductivity 


mposition  Monoclinic  (25° 

C) 

Rut  i 

le 

Temp. (°C) 

at  40°C 

X 

a 

b 

c 

S 

a 

c 

(ohm-cm) 

0 

0 

0 

0 

0.00 

5.744 

4.520 

5-376 

122.6 

4.559 

2.80i 

69 

0.8 

0.02 

5.729 

4.530 

5.364 

122.3 

- 

- 

65 

1  .2 

0.05 

5.727 

4.560 

5.390 

122.5 

4.545 

2.844 

63 

- 

0.  10 

5.7:6 

4.459 

5.424 

122.0 

4.537 

2.868 

60 

5.8 

0.20 

5.704 

4.490 

5.448 

121  .3 

4.539 

2.891 

58 

4.7 

0.40 

4.833 

4.380 

5.530 

97.9 

4.546 

2.8d4 

48 

0.3 

PvfclitfcM  wit* 


Rao  et  a  I 


o  9  o  9  10  m 

\  Tl  V,  0j  AT.  %  Cr 

INCREASING  PRESSURE  (J.6  »b»r/AT%) 


Generalized  phase  diagram  of  transition  temperature  as  a 
function  of  both  pressure  and  at.  %  of  chromium  and 
titanium  in  V 2 O3 

•  mixed  oxides  at  1  atm. 

■  O  IpOg  on  increasing  and  decreasing  pressures,  resp. 

A  A  (VQ  g^CrQ  of+ ) 20 3  for  increasing  and  decreasing  pressure 

PwuiiR<4  «iib  »•»(•••«<  ^oWhan  et  al  . 

C«pyri«MQ  Am*ric«n  tattlUU  of  Phjnkt 


5.010 

5000 

4.930 

•2  4  9S0 
a 

4.970 
4, MO 
4.990 

TtMnMTUMl'lO 

Lattice  parameters  as  a  function  of 
temperature  for  two  chromium- 
doped  V2O3  crystals. 

...  .  .  Jayaraman  et  al. 

Pubtftht*  Bill  pnrmltim*  ' 

CnpprigfitQ  American  Inalitata  a«  Phytlct 

Magnetic  susceptibility  as  a  function 
of  temperature  for  V2°3  and  f°r 
chromium  and  aluminum  containing  '.'2O3 
The  undoped  and  chromium  containing 
were  single  crystals  and  the 
susceptibility  was  measured  parallel 
to  the  c-sxis.  The  aluminum  containing 
samples  are  ceramic  powder  aggregates. 

ftiMiihi*  with  permitting  Gossard  et  al  . 

Copjvli'M®  Amtricofi  intfifvt*  if  P|iy«{c» 


Transition  temperature  as  a  function  of 
electrical  field  in  sintered  (V^  ^Cr^  09^2^3 

The  electrical  field  shifts  the  transition 
temperature  similarly  to  the  shift  by 
hydrostatic  pressure. 

p-ibiiihttf  with  ptrm.tiion  Andreev  et  al  . 
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INITIAL  RATE  Of  CHANGE  OF  UPPER  TRANS  I T  I  UN  l  inriKAtUfr. 
WITH  COMPOSITION  (dT^/dx)  FOR  THE  SUBSTITUTIONAL  COMPOUNDS 


(Critical  compositions  xj  and  X2  indicate  phase  changes  at  300#K.  Room- 
temperature  structures  within  the  regions  X)‘><X2  and  X>X2  are  also 
indicated,  where  mono,  refers  to  the  monocllnlc  (P2/c)  phase  and  ortho, 
to  the  orthorhombic  (probable  space  group  F222)  phase.] 


dTf/dx  |*K/ot  %M) 

■ 

*2 

X,  <X  <Xj 

1  1 

Cr* 

— +  3 

0.01 

0.20 

ortho. 

<2'/,* 

%¥ 
he  ’ 

+  3 

OlOl 

0.125 

ortho. 

two -phot* 

Go* 

+  6.5 

0.02 

oi  tho. 

two -phot* 

__AI*_ 

+  9.0 

0.005 

0.045 

ortho. 

two -phot* 

Ti44 

-0.5  to  -0.7 

0.2 

0.2  to  0.25 

ortho. 

rutile 

and  (29)* 

Re*4 

~-4 

0.07 

rutile 

Ir*4 

— 4 

0.04 

0.5 

rutile 

twr-phote 

o,*4 

-7 

0.03 

0.1 

rutile 

two-phot* 

Ru*4 

-10 

0.025 

0.75 

rutile 

two-phat* 

G.*4 

+  5 

Nb* 

-7.8 

0.05 

0.9 

rutile 

NbOz 

To54 

-5  to  -10 

0.02 

0.5 

rutile 

two-phot* 

Mo64 

-5  to  -10 

0.03 

0.55 

rutile 
x  ■  1.0 

(2f)* 

mono. 

w64 

-28 

0.013 

0.68 

rutile 

ortho. 

ordered  trirutlle  phoie  about  x  ®  0. 33;  0. 78  <  x  <  j.  8  (2f  •)*  phot*;  0,85  <  x  <1  mono. 


*  The  2f  phot*  it  a  dittorted  rutile  ttruetur*  with  orthorhombic  tymmetry,  and  the  2$'  phate 
it  timilar  but  with  monoclinic  symmetry. 


Goodenough  and  Pierce 
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